ABSTRACT: Three Holstein heifers and one nonlactating cow, fitted with ruminal and duodenal cannulas, were arranged in a 4 × 4 Latin square design to determine the effects of degree of fat saturation on ruminal neutral detergent fiber digestion and microbial protein synthesis and to determine whether changes in the efficiency of microbial protein synthesis were related to protozoal populations in the rumen. Corn silage-based diets contained no added fat or 4.85% of diet dry matter as partially hydrogenated tallow, tallow, or animal-vegetable fat. Iodine values of fat sources were 12.8, 50.6, and 109.7 for partially hydrogenated tallow, tallow, and animal-vegetable fat, respectively. Cattle were fed every 2 h and consumed 1.5% of body weight as dry matter daily. Ruminal neutral detergent fiber digestibility was
Introduction
Fat is frequently added to ruminant diets to increase their energy density. Unsaturated fatty acids (FA) inhibit ruminal microbes and decrease fiber digestion (Jenkins, 1993; Pantoja et al., 1994) . However, fat in oilseeds is more ruminally inert when fed whole than as crushed seeds or free oils (Mohamed et al., 1988; Aldrich et al., 1997) , apparently because of the slower release of fat from whole seeds (Mohamed et al., 1988; Reddy et al., 1994) . Similarly, smaller, more frequent meals should explain why ruminal NDF digestibility was not depressed by soybean oil (Aldrich et al., 1995a) and only tended to be depressed by tallow (Elliott et al., 1997 
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decreased by added fat but was not affected by increasing iodine value. Flows of microbial N and non-NH 3 -nonmicrobial N to the duodenum were not affected by treatment. Ruminal protozoa concentration decreased linearly as the iodine value of fats increased. The efficiency of microbial protein synthesis was increased and protozoa concentrations tended to decrease when fat was fed. Decreased ruminal protozoa concentration may have decreased intraruminal N recycling. Biohydrogenation of added fat may result in a low ruminal concentration of unsaturated fatty acids when cows are fed frequently, reducing the negative effects of unsaturated fat sources on ruminal neutral detergent fiber digestibility. Protozoa were inhibited by unsaturated fat, but it is not clear if biohydrogenation and frequent feeding lessened inhibition.
Although FA provide little energy for microbial growth , supplemental fat typically does not decrease microbial N flow to the duodenum (Clark et al., 1992; Stern et al., 1994; Doreau and Ferlay, 1995) , perhaps because the efficiency of microbial protein synthesis increases when fat is fed (Stern et al., 1994) or with increased unsaturation of fats (Pantoja et al., 1994) . However, the efficiency of microbial protein synthesis was not affected by supplemental fat in some studies (Aldrich et al., 1995b; Aldrich et al., 1997; Elliott et al., 1997) . Microbial efficiency appears to be increased by fat because of reduced protozoal counts and predation (Clark et al., 1992; Stern et al., 1994) . In contrast, increased feeding frequency increased protozoal counts (Dehority and Orpin, 1988) . Although the degree of fat saturation did not affect the efficiency of microbial protein in one study with frequently fed cattle (Elliott et al., 1997) , tallow was the most unsaturated fat source fed; in frequently fed situations, effects of fat might be reduced, and fat might need to be more unsaturated to elicit the same response.
Our objectives were to determine the effects of fat saturation on efficiency of microbial protein synthesis when cattle were fed twelve times per day and to determine whether microbial efficiency was related to proto-zoal populations in the rumen. Effects of treatment on intraruminal microbial N recycling are reported in the companion paper (Oldick et al., 2000) .
Materials and Methods

Animals, Treatments, and Experimental Design
Four Holstein cattle (3 heifers [BW = 517 ± 25 kg] and one mature nonlactating cow [BW = 726 kg]), fitted with ruminal and duodenal simple T-cannulas, were arranged in a 4 × 4 Latin square design. Diets contained 48.5% corn silage and 51.5% concentrate on a DM basis (Table 1) and were formulated to meet or exceed NRC (1989) recommendations for heifers greater than 12 mo old. Treatments were a control diet containing no added fat and diets containing 4.85% added fat from prills of partially hydrogenated tallow (PHT), tallow (T), or animal-vegetable fat (AVF); added fat replaced ground shelled corn in the control diet. A mixture of Cr 2 O 3 (3.5% of DM) and wheat middlings was pelleted for use as a digesta flow marker. Pellets were included as 3% of the dietary DM (Table 1) to ensure an intake of approximately 10 g of Cr 2 O 3 per animal per day.
Cattle were housed in individual tie stalls during each 13-d experimental period; periods included 10 d for adaptation to diets and 3 d for data collection. Diets were mixed as a total mixed ration (TMR) once daily and divided into 12 equal meals that were fed at 2-h intervals using a computerized feeder. All cattle were included in a simultaneous experiment (Oldick et al., 2000) that required the rumen to approach a steady state; therefore, no cattle were fed infrequently. Cattle were limit-fed to provide a DMI of 1.6% of BW per day so that each meal would be consumed immediately after being offered. The nonlactating cow did not consume all of the feed offered immediately following each meal on d 12 and 13 of experimental Period 1. However, orts were not collected at each meal and she consumed all the feed offered for each 24-h period. The nonlactating cow was offered DM to provide an intake of 1.3% of BW during Periods 2 to 4 to ensure that she would consume all the feed offered at each meal; the heifers' DMI remained at 1.6% of BW per day during Periods 2 to 4.
Sampling and Analyses
Fat sources were sampled, and their FA composition was determined by GLC (Sukhija and Palmquist, 1988; Pantoja et al., 1994) prior to the start of the trial. Wheat middling pellets were sampled on d 10 to 13 of each experimental period, composited by period, manually ground using a mortar and pestle, and analyzed for Cr concentration (Williams et al., 1962) . Feed offered was sampled on d 10 to 13 of each period, composited by cow within period, and stored frozen. Samples of duodenal contents (approximately 250 mL) were taken every 4.5 h during d 11 to 13, composited by cow within period, and stored frozen; sampling times were staggered so that a duodenal sample was collected during each 90-min period of a 24-h day (16 total samples). Fecal samples (approximately 250 mL) were taken every 9 h during d 11 to 13 and stored frozen; sampling times were staggered so that a fecal sample was collected during each 3-h period of a 24-h day (eight total samples). The composite sample of feed offered, a subsample (1,000 mL) of the duodenal composite sample, and fecal samples were lyophilized. The lyophilized fecal samples were composited by cow within period. Lyophilized composite samples of feed offered, duodenal contents, and fecal material were ground through a Wiley mill (2-mm screen; Arthur H. Thomas, Philadelphia, PA) and analyzed for DM, OM, N (AOAC, 1990) , NDF (Van Soest et al., 1991) , and FA concentrations (Sukhija and Palmquist, 1988; Pantoja et al., 1994) . Fecal and duodenal samples were analyzed for Cr concentrations (Williams et al., 1962) , and duodenal samples were analyzed for NH 3 N (Bremner and Keeney, 1965) and purine concentrations [Zinn and Owens (1986) , as modified by Ushida et al. (1985) ].
A core sample of ruminal contents (approximately 500 mL) was taken at 0940 and 1600 on d 11 and at 1900 on d 12. Samples were strained through two layers of cheesecloth to collect 100 mL of fluid; 6 mL of 6 N HCl was added to the fluid to stop fermentation, and the acidified samples were stored frozen. After thawing, acidified ruminal fluid was centrifuged at 20,000 × g at 4°C for 15 min, and the supernate was filtered through Whatman number 1 filter paper (Whatman, Clifton, NJ). The filtrate was composited by cow within period and analyzed for NH 3 N (Chaney and Marbach, 1962) and VFA (Pantoja et al., 1994) . Ruminal samples of nonammonia N were taken as described by Firkins et al. (1992) at 1000, 1230, 1530, and 2100 on d 11 and at 0400 on d 12. Samples were ground through a Wiley mill (2-mm screen; Arthur H. Thomas, Philadelphia, PA), composited by cow within period, and analyzed for fatty acids (Pantoja et al., 1994) .
A core sample of approximately 600 mL of ruminal contents was collected at 0600, 1100, and 1600 on d 13 for counting protozoa and harvesting bacteria. A 60-mL subsample of whole ruminal contents was preserved by the addition of 60 mL of a 50% formaldehyde solution. Preserved samples were composited by cow within period, and protozoa were counted (Dehority, 1984) . The remaining portion of the ruminal core sample was poured into a blender, and a 0.9% solution of NaCl was added to form a slurry. The slurry was blended for 1 min at low speed and filtered through eight layers of cheesecloth. The filtrate was composited by cow within period and stored frozen. After thawing, the samples were centrifuged at 500 × g at 4°C for 15 min. The supernate was aspirated; the precipitate was discarded. The supernate was centrifuged at 23,000 × g at 4°C for 15 min. The resulting bacteria-rich pellet was washed with a 0.9% solution of NaCl and centrifuged again at 23,000 × g at 4°C for 15 min. The bacterial cells were lyophilized and analyzed for DM, OM, N, FA, and purines as described previously.
Calculations
The marker ratio technique (Schneider and Flatt, 1975) was used to calculate flows of nutrients to the duodenum and rectum and apparent nutrient digestibilities. True ruminal digestibilities were calculated by subtracting the duodenal flow of microbial OM or carbohydrate from the duodenal flow of total OM or carbohydrate. Microbial flow at the duodenum was calculated based on the purine:N ratio in bacterial cells and duodenal contents (Zinn and Owens, 1986) . Concentrations of nonfiber carbohydrate (NFC) [OM − CP − NDF − (FA ÷ 0.9)] and carbohydrate [carbohydrate = OM − CP − (FA ÷ 0.9)] in the feed, duodenal contents, feces, and bacteria were calculated assuming triglycerides were 90% FA. Biohydrogenation of C 18 FA in the rumen was calculated according to the methods of and Tice et al. (1994) .
Assuming a steady state, the pool size of unsaturated C 18 FA in the rumen can be calculated as C ÷ (k d + k p ), where C is the consumption (grams per hour) of unsaturated C 18 FA and k d and k p are the fractional degradation and passage rates, respectively, of unsaturated C 18 FA. The k p was assumed to be 0.04/h, which is similar to the passage rate determined under similar dietary conditions (Owens and Goetsch, 1986) . Although the assumed k p will affect the absolute pool size of unsaturated C 18 FA, it will not affect relative differences between treatments or the probabilities associated with these differences. The k d was calculated 
, where D is the proportion of unsaturated C 18 FA consumed that disappeared in the rumen. After solving,
Statistical Analyses
Data were analyzed using the GLM procedure of SAS (1997) with the following model:
where µ = overall population mean, T i = effect of treatment, C j = effect of cow, P k = effect of experimental period, and e ijk = residual error. Because the nonlactating cow consumed more feed during Period 1 than during subsequent periods, which could result in a cow × period interaction, data from Period 1 for the nonlactating cow were excluded from the analyses. Excluding these data generally did not affect the conclusions. Contrasts were effect of fat [control vs (PHT + T + AVF)] and linear and quadratic effects of increasing degree of unsaturation of supplemental fat sources; coefficients were adjusted for the unequal spacing of iodine value (Steele and Torrie, 1980) . Correlations between ruminal protozoa populations and microbial protein synthesis were determined using Proc CORR of SAS (1997). Significance was declared at P ≤ 0.10 unless otherwise stated.
Results and Discussion
The chemical composition of the corn silage and of the TMR is presented in Table 2 . The concentration of CP in the TMR slightly exceeded NRC (1989) recommendations for Holstein heifers and nonlactating cows. As planned, the TMR supplemented with fat had higher FA concentrations and lower NFC concentrations than the control diet. The slightly lower FA concentration of the PHT treatment than those of the T and AVF treatments was likely a result of subsampling error.
The FA composition and iodine values of fat sources are presented in Table 3 . Iodine values of PHT and T were similar to those reported previously (Pantoja et al., 1994; 1996a) . The AVF was a mixture of 28% T and 72% soybean oil (iodine value = 132.7), which decreased ruminal protozoa counts in a preliminary study (data not shown) and was similar to AVF commonly fed.
Feeding fat increased the intake of total FA, total C 18 FA, and unsaturated C 18 FA (Table 4 ). The lower concentration of FA in the PHT diet than in the T and AVF diets (Table 2 ) resulted in a small increase in total FA intake for the T and AVF treatments compared with the PHT treatment ( Table 4 ). The effect of fat source on unsaturated C 18 FA intake reflects the differences in FA composition of the fat sources (Table 3 ). The disappearance of total FA within the rumen was greater (P < 0.01) when fat was added to the diets (Table 4) . After reviewing 15 studies including 47 animal groups, Jenkins (1993) concluded that FA disappearance within the rumen of sheep and cattle was common; disappearance was more common when supplemental fat was fed. From 1.6 to 25.5% of the total FA consumed by dairy cattle fed supplemental fat disappeared within the rumen Pantoja et al., 1994 Pantoja et al., , 1995 Pantoja et al., , 1996b , when compared with ranges from a net disappearance of 5.5% to a net gain of 3.1% when cows were fed control diets (i.e., no supplemental dietary fat) in these studies. Possible explanations for the apparent loss of FA within the rumen include errors in duodenal flow measurement, absorption from the rumen Jenkins, 1993) , or metabolism of the fatty acids by ruminal epithelium (Ferlay et al., 1993) . Further research is warranted to delineate animal and dietary factors that influence ruminal disappearance of FA. Disappearance of unsaturated C 18 FA and biohydrogenation increased when T and AVF were fed compared with the PHT treatment (quadratic effect), which explains why differences in the amount of unsaturated C 18 FA consumed did not result in different flows of unsaturated C 18 FA to the duodenum (Table 4) . When lactating cows were fed diets containing saturated tallow, tallow, or AVF twice daily at ad libitum DMI, the ruminal disappearance of unsaturated FA did not eliminate effects of fat source on the flow of unsaturated FA to the duodenum (Pantoja et al., 1996b) .
The increased disappearance of unsaturated C 18 from the rumen for T and AVF compared with PHT resulted in similar estimates of ruminal pool size of unsaturated C 18 FA at steady state for cattle fed diets supplemented with fat (Table 4 ). The pool size of unsaturated C 18 FA is calculated based on an assumed rate of passage of FA; actual FA passage rates are not available. It is also not known if FA pass from the rumen at a rate different from ruminal DM. Therefore, the calculated pool size of unsaturated C 18 FA should not be used to calculate ruminal volumes and subsequently to estimate passage of material from the rumen; use of the unsaturated C 18 FA pool size data should be limited to treatment comparisons. An absolute measurement of the unsaturated C 18 FA pool size in the rumen could be obtained in future studies with ruminal evacuation techniques. The increased disappearance of unsaturated C 18 FA from the rumen for T and AVF could explain the decreased ruminal concentration of unsaturated FA when T and AVF replaced PHT in the diet (Table 4 ; quadratic effect, P < 0.05). A constant ruminal pool size of unsaturated C 18 FA and a decreased ruminal concentration of unsaturated FA when T and AVF replace PHT suggest that the volume of ruminal contents increased when T and AVF replaced PHT. However, this statement cannot be substantiated based on ruminal fluid volumes [see companion paper (Oldick et al., 2000) ]. Meal feeding at less frequent intervals would introduce fewer and larger doses of unsaturated C 18 FA into the ruminal pool, which could elevate the ruminal pool size or concentration of C 18 FA. This could partially explain the negative effects of feeding unsaturated fats that were reported in lactating dairy cattle fed at ad libitum intake (Pantoja et al., 1994) . Feeding supplemental fat increased the ruminal pool size and the ruminal concentration of unsaturated FA compared with the control diet. Bateman and Jenkins (1998) reported increased concentrations of FA in the rumens of Holstein cows when soybean oil was supplemented at 2 to 8% of diet DM. However, in their study, ruminal concentrations of unsaturated fatty acids did not exceed 2.15 mg/g of ruminal DM.
The total-tract digestibility of fatty acids was decreased when fat was fed and was lower (P < 0.01) for PHT than for T and AVF (Table 4) . Similar declines in total FA digestibility were reported in previous studies (Elliott et al.,1996; Pantoja et al., 1996b) ; however, Wu et al. (1991) reported no effect of supplemental fat on Table 4 . Fatty acid intake, flow to the duodenum, digestion and biohydrogenation of FA a in the rumen, and total-tract FA digestibility by cows fed fats varying in degree of saturation apparent total tract digestibility of FA. Decreased FA digestibility of PHT when compared with T and AVF could be attributed to the increased degree of saturation of PHT (Doreau and Chilliard, 1997) . The concentration of VFA in the rumen and the molar percentages of propionate and branched-chain VFA were not affected by treatment (Table 5) , although propionate tended (P = .11) to increase when fat was fed. The percentage of acetate in the rumen responded quadratically as the degree of unsaturation of the fat sources increased; no explanation for this response is apparent. Feeding fat decreased the acetate-to-propionate ratio. Others have reported decreased (Elliott et al., 1997) or unchanged (Tjardes et al., 1998) acetateto-propionate ratios when fat was fed. The decreased acetate-to-propionate ratio was related to decreased ruminal NDF digestibility (Table 5 ). Feeding fat decreased the proportion of butyrate in the rumen; although the quadratic contrast was not significant, this effect was mostly the result of decreases when T and AVF were fed, which may be related to ruminal protozoa populations, as will be discussed later. The concentration of NH 3 N in the rumen was not affected by treatment (Table 5 ). Ruminal NH 3 N concentrations have generally decreased or not been affected by supplemental fat (Doreau and Ferlay, 1995) or fat source (Pantoja et al., 1995) in previous studies. In contrast, Elliot et al. (1997) reported linear increases in ruminal NH 3 N concentrations as the degree of unsaturation of supplemental fat sources decreased. Degree of unsaturation of fat sources may have had limited effects on ruminal fermentation end products in our study because the diets were fed frequently, which resulted in similar ruminal pool sizes and decreased ruminal concentrations of unsaturated FA when unsaturated fats replaced PHT in the diets (Table 4) .
Fat decreased ruminal protozoa counts by 30% (untransformed data); this decrease was not significant when the log 10 transformed data were analyzed (Table  5 ). The proportions of entodiniomorphid and holotrich protozoa were not affected by treatment. Random and animal variation associated with ruminal protozoa counts is large (Franzolin and Dehority, 1996) ; authors have reported significant (Mohamed et al., 1988) or large but nonsignificant (Mendoza et al., 1993; Tesfa, 1993) decreases in ruminal protozoa counts when fat was fed. Others (Broudiscou and Lassalas,1991; Van Nevel etal., 1993; Broudiscou et al., 1994) reported significant effects of fat on protozoal counts; however, treatment effects of fat were confounded with period effects. Collectively, studies reported previously and the current study suggest that feeding fat decreases ruminal protozoa counts. Ruminal counts of total protozoa decreased linearly by 26% (untransformed data) as the supplemental fat source became more unsaturated. Defaunation often decreased ruminal butyrate and increased ruminal propionate concentration (Jouany et al., 1988) , and the lower butyrate concentration in the rumen corroborates the decreased ruminal protozoa when fat was fed.
Ruminal NDF digestibility was relatively high for all treatments (Table 5 ). This could be explained by the high concentration of potentially digestible NDF in soy hulls (Pantoja et al., 1994) , which made up 19.4% of the dietary DM (Table 1) , or by the more constant ruminal environment that resulted from frequent feeding. Frequent feeding may also decrease the rate of passage from the rumen (Sniffen and Robinson, 1987) , which could increase ruminal digestibility. The digestibility of NDF in the rumen was decreased when fat was fed and was not affected by fat source; total-tract NDF digestibility followed a similar pattern. The decreased ruminal NDF digestibility was related to an increase in the ruminal pool size and the ruminal concentration of unsaturated fatty acids (Table 4) . In previous studies with lactating cows (Pantoja et al., 1994) , hydrogenated fat sources and tallow have been fed at concentrations up to 5% of dietary DM without any adverse effects on ruminal NDF digestibility. When steers were fed a diet containing 3.4% soybean oil in the free form compared with whole soybeans in 12 meals per day, ruminal NDF digestibilities were similar (Aldrich et al., 1995a) . Frequent feeding may have allowed the ruminal microbes to better adapt to AVF and to maintain ruminal NDF digestibilities comparable to PHT and T in our study (Table 5) . Treatments did not affect the intake or digestibility of OM (Table 6 ). The experimental design rather than an animal response to treatments controlled DMI. Because supplemental fat is more detrimental to NDF digestion than to starch digestion (Jenkins, 1993) , OM digestibility could be less sensitive to effects of fat than NDF digestibility. Patterns in carbohydrate digestibility in the rumen and total tract were similar to patterns in OM digestibility and were not affected by treatment (Table 6 ). However, the intake of carbohydrate was decreased when fat was fed. This occurred because FA replaced carbohydrate in the rations (Table 2) .
Supplemental fat or fat source did not affect intake or flows of N to the duodenum (Table 6 ). This is in agreement with numerous studies that have been reviewed (Clark et al., 1992; Stern et al., 1994) . Feeding fat tended to increase the efficiency of microbial protein synthesis when expressed per unit of OM digested in the rumen. Because fat provides little energy for microbial growth , the efficiency of microbial growth should be expressed relative to carbohydrate digestion rather than to OM digestion. When efficiency of microbial protein synthesis was expressed per unit of carbohydrate digested in the rumen, efficiency increased when fat was fed. Increased efficiency of microbial growth could explain why microbial N flow to the duodenum was not decreased by feeding fat, which decreased rumen degradable carbohydrate intake and decreased ruminal NDF digestibility. The efficiency of microbial growth was low; this could be the result of the forage source or the feeding management, as discussed by Firkins et al. (1992) .
The source of fat did not affect the efficiency of microbial growth (Table 6) . Pantoja et al. (1994) fed lactating cattle twice a day for ad libitum intake and reported higher efficiencies of microbial growth for cows that were fed tallow and an animal-vegetable blend of fat than for cows fed saturated tallow. In contrast, Elliot et al. (1997) fed hydrogenated tallow, partially hydrogenated tallow, and tallow at 2-h intervals to steers without affecting the efficiency of microbial protein synthesis. In our study, fat source may not have affected the efficiency of microbial protein synthesis because ruminal pool size of unsaturated fatty acids remained constant, regardless of the fat source fed and because the concentration of unsaturated fatty acids was not increased when more unsaturated fat sources replaced PHT in the diet (Table 4) .
Total ruminal protozoa counts and the counts of entodiniomorphid protozoa were not correlated (P > 0.10) with the efficiency of microbial protein synthesis, regardless of the units used to express efficiency. However, total protozoal counts were decreased numerically (P = .17) and the efficiency of microbial protein synthesis For the AVF treatment n = 3; for all other treatments n = 4. (carbohydrate truly digested basis) was higher (P < 0.08) when fat was fed. The log 10 of holotrich protozoa concentration in the rumen was negatively correlated (r = −.52, P = 0.05) with the efficiency of microbial protein synthesis (grams of N flow to the duodenum per kilogram of carbohydrate truly digested). This correlation may be due in part to the preferential retention of large ciliate protozoa in the rumen, although increased ruminal retention does not guarantee an increased intraruminal turnover rate (Leng and Nolan, 1984) . Fat may decrease intraruminal N recycling of microbial N because of decreased protozoal counts (Clark et al., 1992; Stern et al., 1994) . The lack of correlation between total protozoal counts and efficiency of microbial protein synthesis in our study could be explained, in part, by increased feeding frequency.
Implications
Effects of supplemental fat on ruminal digestion and outflow cannot be determined based only on the basal diet and the fat source fed. The ruminal microbes were able to partially adapt to unsaturated fatty acids when the fats were introduced into the rumen in smaller and more frequent meals. This adaptation often equalized the effects of saturated and unsaturated fatty acids in the rumen and reduced effects on protozoal counts. Although a negative relationship between ruminal holotrich protozoa counts and the efficiency of microbial protein synthesis in the rumen was established, further research is needed that better explains specific mechanisms involved in protozoa-mediated turnover of microbial protein.
